Upon integration into the host chromosome, retroviral gene expression requires transcription by the host RNA polymerase II, and viral messages are subject RNA processing events including 5'-end capping, pre-mRNA splicing, and polyadenylation. At a minimum, RNA splicing is required to generate the env mRNA, but viral replication requires substantial amounts of unspliced RNA to serve as mRNA and for incorporation into progeny virions as genomic RNA. Therefore, splicing has to be controlled to preserve the large unspliced RNA pool. Considering the current view that splicing and polyadenylation are coupled, the question arises as to how genome-length viral RNA is efficiently polyadenylated in the absence of splicing. Polyadenylation of many retroviral mRNAs is inefficient; in avian retroviruses, ~15% of viral transcripts extend into and are polyadenylated at downstream host genes, which often has profound biological consequences. Retroviruses have served as important models to study RNA processing and this review summarizes a body of work using avian retroviruses that has led to the discovery of novel RNA splicing and polyadenylation control mechanisms.
ABSTRACT
Upon integration into the host chromosome, retroviral gene expression requires transcription by the host RNA polymerase II, and viral messages are subject RNA processing events including 5'-end capping, pre-mRNA splicing, and polyadenylation. At a minimum, RNA splicing is required to generate the env mRNA, but viral replication requires substantial amounts of unspliced RNA to serve as mRNA and for incorporation into progeny virions as genomic RNA. Therefore, splicing has to be controlled to preserve the large unspliced RNA pool. Considering the current view that splicing and polyadenylation are coupled, the question arises as to how genome-length viral RNA is efficiently polyadenylated in the absence of splicing. Polyadenylation of many retroviral mRNAs is inefficient; in avian retroviruses, ~15% of viral transcripts extend into and are polyadenylated at downstream host genes, which often has profound biological consequences. Retroviruses have served as important models to study RNA processing and this review summarizes a body of work using avian retroviruses that has led to the discovery of novel RNA splicing and polyadenylation control mechanisms.
INTRODUCTION

Retroviruses and RNA processing
Retroviruses employ a unique replication scheme in which a long, single-stranded RNA genome is converted into a double-stranded DNA molecule that is inserted into and becomes a permanent resident of the host genome (reviewed in (1, 2) ). From the chromosomal position, the integrated viral DNA (the provirus) is transcribed by the host RNA polymerase II (pol II) to generate genome-length viral RNA that has the same modifications as typical host mRNAs (a 5' cap and a 3' poly(A) tail). A portion of this full-length viral RNA is packaged into progeny virions, and an additional pool is translated into structural and enzymatic proteins that compose the virus particles. However, some viral proteins are synthesized from spliced transcripts, so the primary transcript also serves as a substrate for RNA splicing. The number of spliced mRNA species can be quite large, as is the case for complex retroviruses like human immunodeficiency virus (HIV) (see (3) and a review by M. McLaren, K. Marsh, and A. Cochrane in this series). Clearly, the extent of splicing must necessarily be controlled to preserve the genomelength RNA, which typically represents ~50% or greater of Figure 1 . Elements that influence RSV RNA processing. A) Structure of the RSV provirus and mRNA species. Shown are the LTRs at the termini of the provirus with the U3, R (black box), and U5 regions indicated. The gag, pol, env, and src gene coding regions are shown with different patterned boxes, and the 5' and 3' splice sites are indicated. Transcription starts at the beginning of the 5' R region, and RNAs are cleaved and polyadenylated at the end of the 3' R region. The relative percentages of unspliced, env, and src mRNA are indicated, and splicing is depicted by dotted lines. B) Summary of cis elements that control splicing in RSV. The schematic of the proviral DNA is as in Figure 1 . Red boxes indicate negative-acting elements and include: the negative regulator of splicing, or NRS; the suboptimal BPS associated with the env 3' ss; the suppressor of src splicing (SSS) that specifically represses src splicing; dr1, the direct repeat elements that flanks the src gene and specifically repress src splicing; the suboptimal pyrimidine tract associated with the src 3' ss. Splicing to env is also controlled by a positive-acting exonic splicing enhancer (green). Adapted and updated from (20) . the total. Another issue raised by the recent appreciation that splicing and polyadenylation are coupled is how the full-length viral RNA is efficiently polyadenylated in the absence of splicing. This review focuses on the progress made in understanding RNA processing control in the simple retrovirus, Rous sarcoma virus (RSV), and the implications for the processing of cellular mRNAs.
RSV is a member of the avian sarcoma/leucosis virus (ASLV) family and contains the gag, pol, and env genes common to all retroviruses ( Figure 1A ). The gag gene encodes a polyprotein that is processed into virion core components, pol encodes the reverse transcriptase and integrase enzymes, and the env gene codes for the envelope glycoprotein that is embedded in the virion membrane. In addition, RSV harbors the src gene that is responsible for cell transformation and is thus a replication-competent oncovirus. Upon entering the cell, the reverse transcriptase that enters with the infecting virion converts the RNA genome into a dsDNA and upon accessing the host DNA, the integrase enzyme inserts the viral DNA into the host genome. The reverse transcription process duplicates the U3 and U5 regions such that long terminal repeats (LTRs) are formed at each end of the provirus in the order U3-R-U5 ( Figure 1A ). Transcription factors recognize promoter elements within U3 and initiate pol II transcription at the beginning of R within the 5' LTR, and full-length RNA results from 3'-end processing at the end of R in the 3' LTR (discussed in more detail below). Much of the RNA remains completely unspliced and is exported to the cytoplasm where it serves as an mRNA for the gag/pol genes, and is incorporated into progeny virions. Within the nucleus, the primary transcript is also a substrate for splicing to generate the sub-genomic env and src mRNAs ( Figure 1A ), which are generated in approximately equal amounts (10% to 15% each). The accumulation of appropriate quantities of genome-length RNA is crucial for replication success and therefore, understanding how splicing is controlled has been the subject of much work. Below I review the mechanisms of splicing control in RSV and the current view of how 3'-end formation and splicing are integrated to ensure the proper processing of full-length viral RNA.
pre-mRNA splicing pathways
Most genes in higher eukaryotes are interrupted by sequences (introns) that must be removed from precursor-mRNA (pre-mRNA), and the functional portions (exons) spliced together to form the mature mRNA (reviewed in (4, 5) ). RNA splicing is accomplished by a large macromolecular machine termed the spliceosome that recognizes the exon/intron boundaries and executes the splicing reaction. Typically, metazoan genes contain multiple introns and the fact that a large number of host mRNAs undergo alternative splicing (the differential inclusion / exclusion of exons) (5) increases the challenge of understanding how splice junctions are recognized and paired to generate various spliced isoforms. Since viral RNAs are spliced by the host spliceosome and several retroviruses utilize alternative splicing for production of mRNA (3), these issues are relevant for understanding retroviral splicing control.
The initial function of the spliceosome is to identify the splice junctions that are to be joined together. This is accomplished through the identification of conserved but degenerate splicing signals at the exon/intron boundaries, the 5' and 3' splice sites. The 5' splice site (ss) has a short consensus sequence whereas recognition of the 3' ss requires the branchpoint sequence (BPS) and pyrimidine (PY) tract. The vast majority of cellular introns are spliced by a spliceosome that that contains five small nuclear ribonucleoprotein (snRNP) particles (U1, U2, U4, U5 and U6) and a large number of proteins (4, 6) . The small nuclear RNA (snRNA) components of the snRNPs make extensive base pairing interactions with the premRNA as well as each other. The 5' ss is initially recognized by U1, and the PY tract associated with the 3' ss is bound by U2 auxiliary factor (U2AF), which is required for subsequent binding of U2 to the BPS. It is thought that splice site pairing is determined at this early point and that regulating alternative splicing involves modulating these early steps (7) . This pre-spliceosome is then joined by the U4/U6.U5 tri-snRNP to form a mature complex in which complex rearrangements occur between the snRNA and substrate, and between the snRNAs, to deliver the splice sites to the active site of the spliceosome. Crucial to this process is a switch in 5' ss base pairing interaction from U1 to U6 snRNA, and a structure formed between U6 and U2 snRNP is thought to carry out catalysis (4, 8, 9) . The splicing reaction itself involves two sequential transesterification reactions that cleave the splice sites, join the exons, and release the intron as a lariat. A second spliceosome was described in 1996 that excises a rare class of introns whose splice sites are highly conserved and deviate substantially from conventional introns (10, 11) . Removal of these introns is remarkably similar to the 'major' pathway but utilizes a unique set of snRNPs (U11, U12, U4atac, U6atac) that perform analogous functions to the snRNPs involved in conventional splicing. U5 snRNP and numerous other splicing factors are shared between the two splicing pathways (12) . As will be discussed below, both pathways influence RSV splicing control.
CONTROL OF RSV RNA SPLICING: THE SPLICE SITES
Splicing control in RSV involves the maintenance of suboptimal splice sites and the regulation of splice site use by a positive element and several negativeacting elements. These control regions are summarized in Figure 1B and discussed below.
The env 3' ss is suboptimal
One of the mechanisms by which splicing is controlled in RSV is the maintenance of suboptimal splicing signals. Presumably, a population of viral RNAs is able to escape splicing by going unrecognized by the splicing apparatus. While it appears that the 5' ss is not involved in splicing control (13, 14) , evidence for a suboptimal env 3' ss stemmed from the examination of a virus in which a 24 nt oligonucleotide was inserted 12 nt upstream of the env 3' ss (15) . This virus showed a marked delay in replication that correlated with substantial oversplicing to the env 3' ss. Upon longer-term passage, a class of phenotypic revertants was isolated that had mutations in the original insert that lowered splicing to wild-type levels. The results were consistent with the replication defect stemming from a paucity of unspliced RNA. A second class of revertants was identified that had deletions downstream of the env 3' ss in the env exon (14) . In the context of a wild-type virus, the same deletions caused replication defects and resulted in very little env splicing, which suggested that the deleted sequences played a positive role in env splicing. It is now known that the deletion eliminated an RNA splicing enhancer ( Figure 1B) .
Examination of the mutations in an in vitro splicing assay showed that env RNA substrates containing the 24 nt insertion were spliced ~5-fold better than the wild-type and revertant RNAs, consistent with what was observed in the virus experiments (16) . The effect of the insertion was explained by the finding that the insertion created a new, efficiently used BPS that increased env splicing; point mutation suppressors acted directly on this BPS to either reduce splicing or decrease the second step of splicing, whereas the exon deletions blocked splicing before the first step and most likely at an early splice site recognition step, consistent with the deletion of a splicing enhancer. The latter point was confirmed with the in vitro demonstration that env splicing substrates lacking the splicing enhancer failed to form any spliceosomal complexes (17) . Interestingly, suppressors defective in the second splicing step in vitro showed a similar pattern in vivo, and the suggestion was made that splicing intermediates play a role in viral splicing regulation through the differential binding of U2AF to the PY tract, and the spliceosomal protein SAP49 to the BPS region (17, 18) . Collectively, the work suggests that in the wild-type virus, the PY tract associated with the env 3' ss is functional and that the efficiency of env 3' ss use is controlled by the competing activities of poor BPS recognition and a splicing enhancer located a short distance downstream ( Figure 1B ).
The src 3' ss is suboptimal
Splicing to the src 3' ss in RSV is also very inefficient and considerable work supports the notion that, like env, the src 3' ss is suboptimal. However, in contrast to the env 3' ss, it is the PY tract associated with the src 3' ss that accounts in part for its inefficient use ( Figure 1B) . The 14 nt PY tract is interrupted by five purines, which were postulated to play a role in the regulation of src splicing (19) . When the src PY tract was mutated to an uninterrupted stretch of 14 pyrimidines, splicing to the src 3' ss increased to ~54%, compared to ~16% for wild type, and there was a corresponding decrease in unspliced RNA. The improved splicing also activated a cryptic 5' ss within the env gene. The increased splicing correlated with slower replication kinetics for the mutant virus, consistent with the unspliced RNA being limiting for replication. Some viruses that arose upon continued passage of the oversplicing mutants had deletions of the src 3' ss or the src gene that restored high levels of genome-length RNA. However, an additional population of revertants appeared to produce full-length unspliced RNA and upon examination, they contained small deletions in the putative BPS or in the improved PY tract, and they showed decreased splicing to src and normal replication kinetics (20) . It was also shown in vivo that the src 3' ss is inefficiently used when paired with a quality 5' ss (13) . Thus, in addition to the weak env 3' ss, RSV replication also requires the maintenance of a weak src 3' ss.
CONTROL OF RSV RNA SPLICING: NEGATIVE ELEMENTS DISTINCT FROM THE SPLICE SITES
The suppressor of src splicing (SSS).
In addition to suboptimal 3' splice sites, RSV harbors an element upstream of the src 3' ss that regulates splicing specifically at that site ( Figure 1B ). The presence of such an element was originally suggested from experiments to determine the reason for different levels of src splicing observed between different ALV strains (21) . It was found that a 262 bp region between the env and src genes could confer the low src splicing efficiency of the PrC strain on a PrA strain, suggesting the presence of a negative element in this region. Surprisingly, only 4 differences were noted between strains, two in the intron and two in the src exon. When unidirectional deletions from the 5' end were made into this region, src splicing increased approximately two-fold with a concomitant decrease in unspliced RNA (22) . There was little change in env splicing, indicating that the repressive sequence is specific to the src 3' ss. This sequence, called the suppressor of src splicing (SSS), was also shown to function additively with but independently of the suboptimal src PY tract (20) and to block splicing of a heterologous intron in a position-dependent manner (13) .
RSV RNA splicing in mammalian cells is quite different than in chicken cells. In NIH3T3 or human fibroblast cells, very little env splicing was detected whereas ~50-60% of the RNA represented spliced src transcripts (23, 24) .
These results suggested that mammalian cells might lack a negative factor required for proper splicing control, which could in part explain the nonpermissive nature of these cells for RSV replication. Subsequent work with wild-type and SSS mutant viruses showed a similar, high level of src splicing in human fibroblasts, consistent with a lack of SSS function in those cells (24) . Furthermore, using an in vitro splicing system derived from HeLa cells, there was no difference in splicing of src minigenes containing or lacking the SSS, but SSS-specific repression was observed upon addition of chicken cell extract. These data suggested that an inhibitory factor present in chicken extracts, but not mammalian extracts, is responsible for splicing regulation by the SSS. However, the identity of the factor and the mechanism of action remain to be elucidated.
Negative effects of direct repeat elements on src splicing.
A second cis element that may repress src splicing was identified as the dr1 direct repeat element that flanks the src gene (25) ( Figure 1B ). These elements also act as constitutive transport elements (CTEs) and promote the accumulation of unspliced viral RNA in the cytoplasm (26) (27) (28) .
Deletion of both elements causes severe replication defects characterized by increased turnover of unspliced RNA, reduced unspliced RNA in the cytoplasm, and poor particle production (29) . Deletion of either repeat causes a delayed replication phenotype (27) . Curiously, mutation of either dr1 element caused an increase in src mRNA but not env mRNA, which suggested that both direct repeats contribute to a specific repressive effect on src splicing (25, 29) . An indirect effect of the mutations on splicing by compromising CTE activity to increase the nuclear pool of unspliced RNA splicing substrate is possible but seems unlikely given that env mRNA was not elevated. It was speculated that factors that bind to the repeats might loop out the RNA and influence splicing factor binding at the src 3' ss (25) . Understanding the mechanism by which the direct repeats repress src splicing deserves additional attention.
The negative regulator of splicing (NRS).
A third element in RSV that is distinct from the splice sites and serves to repress splicing is the wellcharacterized negative regulator of splicing (NRS) ( Figures  1B and 2A) . It was originally observed that deletions in the gag gene caused elevated env and src mRNA levels (22, 30, 31) and a concomitant decrease in unspliced RNA, although a more recent report suggested a predominant effect on src splicing (32) . These results suggested that a splicing suppressor resided in the gag gene. The repressive element was also able to block splicing of a heterologous myc intron (30) and was localized to a ~230 nt region between nts 700 and 930 in the RSV genome (33). It is Figure 1 ) and below is an expansion of the NRS (nt 700 to 930). Regions important for NRS splicing inhibition are boxed in red and pink. NRS5', from nt 700 to 800, binds the indicated SR proteins (blue) and hnRNP H (yellow). U1, U2, and U11 snRNPs bind to the distal end of NRS3' (nts 800 to 930). The sequence of the degenerate U1 binding site (small T represents non-consensus residues) and the perfect U11 binding site are shown. Slashes indicate the splice site for each sequence. U2 snRNP most likely binds to an upstream BPS-like sequence (not shown). The arrow indicates that the SR protein promote U1 binding to NRS3'. B) Model for NRS splicing inhibition. In the schematic, the RSV exons are in blue, and the NRS is in red. SR proteins promote U1 binding to the authentic 5' ss and the NRS, setting up a competition for interactions with the 3' splice sites (env in this example). As detailed in the text, NRS-bound U1 interacts with the 3' ss to form an early splicing complex, which then matures into a non-catalytic spliceosome-like complex upon the addition of the U4/U6.U5 tri-snRNP, which is not correctly integrated into the complex. Splicing from the NRS fails (red X), and the complex sequesters the 3' ss from a productive interaction with the authentic 5' ss. U11 binding would block U1 binding to the overlapping site (thick black line), preventing assembly of the NRS-3'ss complex, and allowing normal splicing to occur. important to note that the element is ~300 nt from the 5' ss and ~4,000-and ~6,000 nt from the env and src 3' splice sites, respectively. Additional mapping studies indicated a bipartite nature to the NRS; splicing inhibition required an upstream purine rich region (nts 700 to 800, referred to as NRS5') and a discrete sequence located ~120 nt away in the downstream region (NRS3', nts 801-930) (Figure 2A ) (33). The presence of splice site-like sequences in NRS3' suggested that components of the splicing machinery were involved in the inhibition process.
snRNPs bind to NRS3'
In vitro approaches have provided important insights into the mechanism of NRS-mediated splicing inhibition. The NRS blocked splicing of an adenovirus splicing substrate when located in the intron (34) but not when inserted upstream or downstream of either exon (M.T. McNally, unpublished data). Inhibition occurred before the first step of splicing, but larger than normal splicing complexes were detected that contained the full complement of U2-dependent snRNPs plus two additional snRNPs (34). However, integration of the U4/U6.U5 trisnRNP was faulty in that it could be dissociated by heparin treatment (34, 35) . This aberrant incorporation of the trisnRNP likely explains why splicing does not occur from the NRS (discussed below). It was subsequently shown that the NRS itself binds U1 and U2 snRNPs, and further characterization identified U11 and U12 snRNPs as NRSbinding factors ( Figure 2A ). As discussed above, U11 recognizes 5' splice sites within U12-dependent introns, and early work suggested that U11 was directly involved in NRS splicing inhibition (34). However, it was later shown that U11 is dispensable for splicing inhibition but that U1 binding to a degenerate, overlapping site within NRS3' was essential for inhibition (36, 37) . A clear role for U2 snRNP in NRS activity remains to be established. Collectively, the data suggested that the NRS might represent a novel decoy 5' ss that somehow subverts the splicing machinery to block splicing. As detailed below, this appears to be the case.
SR proteins bind to NRS5'
While splice site-like sequences were an indication that snRNPs might interact with NRS3', no obvious clues to the nature of factors that might interact with NRS5' were evident from the sequence. Cross-linking analyses showed that several members of the SR protein family of splicing factors interacted with NRS5', including SRp20, ASF/SF2, and proteins whose size was consistent with SRp40 and SRp55 (38) (Figure 2A) . A yeast 3-hybrid screen also identified 9G8 and SC35 as NRS-binding proteins (39). These findings were consistent with the observations that SR proteins often interact with purine rich sequences, of which NRS5' is ~70% purines. SR proteins are a family of structurally and functionally related proteins that contribute to splice site selection and many steps in spliceosome assembly (40, 41) . One well-documented property of SR proteins is that they bind exonic splicing enhancers (ESE) and promote splicing through recruitment of components of the splicing machinery, including snRNPs, to splice sites (42, 43). As would be expected of an extensive SR protein binding platform, NRS5' functioned as a potent splicing enhancer in an ESE assay, and bona fide ESEs could replace NRS5' and support NRS splicing inhibition (44) . These observation pointed toward a role for the SR proteins in recruitment of U1 to the degenerate 5' ss in NRS3', an idea that was confirmed in vitro (36) and which further suggested that the NRS functions as a pseudo 5' ss to block splicing. This model predicted that the NRS (through U1 snRNP) would interact with and form a complex with a 3' splice site.
Interaction of the NRS with a 3' ss; the NRS complex
The findings that SR proteins, U1 snRNP, and the U1 binding site are required for NRS splicing inhibition strengthened the notion that the NRS is recognized as a pseudo 5' ss and predicted that the NRS itself would assemble into complexes similar to those formed on authentic 5' splice sites.
Using gel filtration chromatography, it was demonstrated that the NRS alone assembles into a complex that is indistinguishable from the early (E') complex that forms on isolated 5' splice sites (45, 46) . Furthermore, the complex appeared functionally relevant since there was a correlation between the sequence requirements for assembly in vitro and splicing inhibition in vivo, and assembly of the complex required SR proteins, the U1 binding site, and U1 snRNP (47) . It was subsequently shown that a chimeric substrate composed of the NRS fused to an adenovirus 3' ss (i.e., a substrate designed to detect an NRS -3' ss interaction) formed a large ATP-independent complex whose assembly required the NRS U1 binding site and the branchpoint and pyrimidine tracts associated with the 3' ss (48) . These data were consistent with an interaction between the NRS pseudo 5' ss and the adenovirus 3' ss, and with formation of a complex with characteristics of a bona fide spliceosomal E complex.
Despite initiating spliceosome assembly, the NRS-Ad3' substrate is not catalytically active in vitro ( (35) and M.T. McNally, unpublished data), suggesting that events subsequent to E complex formation are defective. This idea is supported by a recent publication providing evidence that under splicing conditions, the NRS-Ad3' substrate assembles a 50S splicing complex with the full complement of spliceosomal snRNPs (plus U11), but the U4/U6.U5 tri-snRNP is not stably integrated into the complex (35) . This result is similar to what was observed by Gontarek et al. (34) when the NRS was inserted into the adenovirus intron. It is this stalled spliceosome, formed between the NRS and a viral 3' ss, that presumably accounts for splicing inhibition by sequestering the 3'ss and preventing it from interacting with the authentic viral 5' ss ( Figure 2B ).
The NRS pseudo 5' ss
It is still not understood why splicing fails to occur from the NRS U1 binding site, despite the binding of U1 snRNP and assembly of a spliceosome-like complex. One possibility is that, despite the poor 5' ss consensus sequence, U1 snRNP binds the NRS irreversibly. This would block subsequent base pairing of U6 to the pseudo 5' ss and prevent catalysis. However, this is not supported by evidence that U1 binding to the NRS is reversible in vitro (M.T. McNally, unpublished data). A second possible mechanism stems from the observation of a 12/13 nt complementarity between the NRS and the region of U6 snRNA that normally binds to the 5' ss. This potentially hyperstable interaction is predicted to block subsequent U6/U2 contacts required for catalysis. While attractive, the hyperstable model is not supported by the finding that mutations that would disrupt the extensive U6/NRS interaction have no effect on NRS splicing inhibition (e.g., (36) and M.T. McNally, unpublished data). Currently, the thought is that the sequence of the NRS pseudo 5' ss itself, or its structure (49), accounts for the lack of splicing from the NRS and splicing inhibition. The sequence of the pseudo 5' ss is highly underrepresented among human 5' splice sites ((50), and M.T. McNally and B. Tian, unpublished data) and it has a poor score as assessed by the MaxEntScan software for 5' ss quality (51) . Interestingly, 
arrow). The G-rich region (hatched pink) binds hnRNP H (yellow H) that in turn promotes U11 binding (arrows). The interaction might direct or through another protein (?). B) The observation that hnRNP H promotes U11 binding to the NRS led to the finding that a subset of U12-dependent cellular introns harbor G tracts requires hnRNP H for U11 binding (arrow) and splicing.
in support of the importance of the unique sequence of the NRS 5' ss in splicing inhibition are the observations that mutation of the non-consensus uridines (Figure 2A ) to consensus adenosine converts the NRS to a functional U2-dependent intron, whereas mutations to other bases largely inactivate the NRS (36, 50).
The finding that U1 is not irreversibly bound to the NRS pseudo 5' ss suggests that the lack of splicing is explained by a post-U1 binding event. A role for U6 snRNP in splicing inhibition is suggested from experiments showing that NRS mutations in the +5 G (which affects U1 and U6 binding) that inactivate the NRS can be partially rescued by expression of compensatory U6 snRNA alone, and rescue is increased with both U1 and U6 compensatory RNA. Likewise, splicing from an NRS that is mutated toward the 5' ss consensus can be partially suppressed by compensatory U6 snRNA (M.T. McNally, unpublished data). Future experimentation is required to more fully understand how the NRS assembles into a spliceosome in which aberrant snRNA interactions lead to a non-catalytic complex.
U11/U12 snRNP binding to the NRS
One of the more surprising initial findings was that the NRS efficiently binds U11 and U12 snRNPs (the factors that recognize the 5' and 3' splice sites of U12-dependent introns, respectively, despite being ~100-fold less abundant than U1 snRNP (34, 52). While U11 can bind the NRS independently of U12 (53) and it is clear that U11 is not directly involved in splicing suppression, U11 still plays a regulatory role in NRS splicing control by modulating U1 binding. It was observed that mutations in the U11 site abolish U11 binding in vitro but increase U1 binding ~4 fold, and such NRS mutants block splicing in cells more efficiently than wild type (36, 37) . Since the U1 and U11 binding sites overlap (Figure 2A ), U11 binding would prevent the U1 interaction and transcripts would not enter into the inhibitory NRS complex. Curiously, the NRS binds U11 much more efficiently in vitro than authentic U12-dependent splicing substrates (53) , which prompted studies to understand why this is so. In contrast to U1, the high-affinity SR protein binding sites in NRS5' are not required for U11 binding (M.T. McNally, unpublished data). Subsequent efforts to identify NRS features that account for the high efficiency U11 binding showed a prominent role for a G-rich element just downstream of the U11 site ( Figure 3A ) (53) . Mutations in the G tracts strongly reduced U11 binding in vitro as measured in RNA pull-down experiments, and also in vivo as measured with a heterologous splicing assay. In this assay, the NRS is fused to a U12-dependent 3'ss where the NRS U11 5' ss site is used efficiently and accurately; splicing thus serves as a reporter for U11 binding in vivo (36) . The G tracts were shown to bind heteronuclear ribonucleoprotein (hnRNP) H, and two lines of evidence suggested that hnRNP H mediates U11 binding via the G tracts. First, U11 binding was decreased in vitro when hnRNP H was depleted from extracts, and U11 binding could be partially rescued upon addition of recombinant hnRNP H (54). Second, NRS splicing to a U12-dependent 3' ss in cells was abolished when the hnRNP H sites were deleted, but splicing could be restored by tethering hnRNP H (but not other proteins) to the RNA substrates as an MS2-fusion protein (54) . These studies clearly demonstrated that hnRNP H mediates the efficient binding of U11 to the NRS and suggested that hnRNP H might more broadly influence U12-dependent splicing of host genes. This proved to be the case for two introns that contain hnRNP H bindings sites just downstream of the U11 5' ss (P120 and SCN4A introns), and examination of the 404 U12-dependent introns known at the time showed that ~18% harbor potential hnRNP H sites downstream ( Figure 3B ). Thus, RSV has usurped hnRNP H to ensure efficient U11 binding to the NRS. It should be noted that hnRNP H also regulates alternative splicing of numerous other viral and cellular U2-dependent introns, often by counteracting the effects of negativeacting factors such as hnRNP A1 (55-60).
POLYADENYLATION OF RSV RNA
Retroviruses and polyadenylation
Most cellular mRNAs undergo 3'-end processing reactions involving cleavage of the RNA at its eventual 3' terminus and addition of a poly(A) tail ( Figure 4A ). The polyadenylation process is intimately coupled to other RNA processing reactions, including 5'-end capping and splicing, which ensures efficient and faithful processing of the mRNA (61) . Retroviral mRNA is also polyadenylated by the host cell machinery but because the poly(A) signals are present within the LTRs at each end of the provirus, use of the 5' poly(A) site must be suppressed (1, 3) . In addition, polyadenylation in many retroviruses is inefficient and viral transcripts terminate at poly(A) sites within downstream cellular genes. This is important for the incorporation of cellular sequences into retroviral genomes and for activation of downstream cellular genes, which in the case of oncogenes results in tumorigenesis (1) . The issue of poly(A) site choice is trivial in avian retroviruses because the major poly(A) signal (AAUAAA) is upstream of the repeat sequence (transcription start site) and thus is only present at the 3' end of the transcript. Polyadenylation efficiency is also low in RSV compared to cellular genes in that ~15% of the viral transcripts represent read-through RNA (62) , and the extent of read-through can have profound consequences on tumorigenesis in infected animals (63, 64) . Recent studies have led to a new understanding of polyadenylation control in RSV and have revealed a novel mechanism of coupled splicingpolyadenylation control that involves long-distance interactions between the NRS, the env 3'ss, and the poly(A) site.
Polyadenylation and coupling to splicing
For a simple cleavage and poly(A) addition mechanism of 3'-end formation, an unexpectedly large number of proteins are dedicated to polyadenylation of mRNA (65) (Figure 4B ), which likely reflects the fact that polyadenylation is often regulated. The primary signals for poly(A) site use are the AAUAAA signal present ~10-30 nt upstream of the cleavage site (site of poly(A) addition) and a U-or GU-rich element ~30 nt downstream that is referred to as the downstream element (DSE) ( Figure 4B ). In addition, numerous studies have identified upstream elements (USEs) that can contribute to polyadenylation efficiency, and recent bioinformatics analyses revealed a variety of conserved elements associated with poly(A) sites that might be involved in constitutive or regulated polyadenylation (66) . The AAUAAA signal is recognized by a multi-subunit complex called the cleavage and polyadenylation specificity factor (CPSF), which binds cooperatively with another multi-subunit factor (cleavage stimulatory factor, or CstF) that interacts with the downstream DSE ( Figure 4B ). Another factor called cleavage factor I (CFIm) binds to discrete sequences near the poly(A) site and contributes, via Fip1, to CPSF binding and recruitment of poly(A) polymerase (PAP) (67) . With the help of additional cleavage factors, the RNA is cleaved at the poly(A) site by a component of CPSF and the poly(A) tail is added by PAP.
Early studies by Niwa and Berget (68, 69) showed that polyadenylation in vitro is stimulated by an upstream intron, and that mutation of the poly(A) signal depresses splicing of a terminal intron. These studies suggested a link between splicing and polyadenylation, and it has become quite clear in recent years that the splicing and poly(A) machineries are functionally linked. Numerous interactions between splicing and polyadenylation factors have been described that are thought to mediate the coupling process. These include interactions between the U1 snRNP and CFIm (70), the U1 snRNP A (U1A) protein and CPSF (71), U2 snRNPassociated SF3b proteins and CPSF (72), SRm160 and CPSF (73) , and U2AF65 and both PAP and CFIm (74). In the latter case, it was shown that the RS-like domain of U2AF65 directly mediates coupling via an interaction with a similar alternating charge domain present in the CFIm 59-kD subunit.
Given the benefits of splicing on polyadenylation of cellular mRNAs, the question arises as to how genome-length (i.e., unspliced) retroviral mRNA is efficiently polyadenylated in the absence of splicing. Recent work has revealed an interesting solution to this problem.
A role for the NRS in RSV polyadenylation 5.3.1. The RSV poly(A) site is inherently weak
The observation that ~15% of RSV transcripts fail to use the viral poly(A) site suggests that the viral site is weak. To address this issue, the RSV poly(A) site was characterized in an in vitro polyadenylation assay and found to be poorly used compared to the well-characterized and efficiently used SV40 late poly (A) site (75, 76) . Examination of the sequences surrounding the RSV poly(A) suggested that the poor in vitro activity stemmed in part from a lack of quality USE and DSEs. The RSV AAUAAA and cleavage site was shown to be functional when either the RSV USE or DSE regions were replaced by the analogous regions from SV40, and vice versa (N.L. Maciolek and M.T. McNally, submitted). These results suggested that the RSV elements were functional but suboptimal and also indicated that the poor poly(A) activity observed for RSV was not due to the presence of an inhibitory element. Further work showed that one of the major deficiencies of the RSV substrate is the lack of a quality DSE and very inefficient binding of CstF. The RSV substrate could be activated when the downstream region was replaced with MS2 binding sites and an MS2-CstF fusion protein (but not control MS2 fusions) was provided (N.L. Maciolek and M.T. McNally, submitted). These results in part explain the relatively high level of read-through transcripts in RSV, but also suggest that additional cis elements are present within the RSV RNA that stimulate use of the weak poly(A) site.
5.3.2.
The NRS is required for optimal RSV polyadenylation.
The first indication that distant cis elements were required for RSV polyadenylation came from the work of Miller and Stoltzfus (77) who showed that two distinct upstream regions were required for wild-type poly(A) levels. Deletions that encompassed the env 3' ss increased read-through transcripts, which suggested that conventional coupling via 3' ss-binding factors might promote 3'-end processing. However, because the src 3' ss was intact in these mutants, and deletion of the src 3' ss was without effect, the mere presence of a 3' ss was insufficient to promote polyadenylation. The second region was located in the gag gene and encompassed the NRS, and subsequent mutagenesis work directly implicated the NRS in poly(A) control since specific NRS mutations led to read-through transcripts (32, 39) . Thus, it appeared that the NRS and the env 3' ss region were both required for proper polyadenylation in RSV. Fogel and McNally (39) also showed that deletions in the SR protein binding region or mutation of the snRNP binding sites decreased poly(A) efficiency, which suggested that no single NRS-binding factor was responsible for NRS-mediated polyadenylation stimulation. This led to a model in which the NRS complex (formed through the interaction of the NRS with a viral 3' ss) stabilized the binding of one or more splicing factors to the unspliced RNA, and these factors mediated coupling via one of the mechanisms described above (39).
Evidence of an important role for the NRS in splicing and polyadenylation control also comes from animal studies that examined the effects of NRS mutations on infection and disease.
It was observed that a recombinant, non-acute ALV (EU-8) caused rapid-onset Bcell lymphomas in infected chickens, and tumors had proviral integrations upstream of or within the first intron of the c-myb gene (78) . It was further shown that chimeric mRNA was produced by read-through transcription and splicing from the viral 5' ss to the 3' ss of c-myb exon 2. Production of a truncated c-myb protein strongly correlated with rapid-onset tumors, and aberrant splicing of readthrough transcripts was required for the effect. The determinant for tumorigenicity in EU-8 was shown to be a 42 nt deletion within the SR protein-binding region of the NRS, and the ∆42 NRS was partially compromised in a splicing inhibition assay (64) . A subsequent study showed that impaired NRS function rather than matrix protein alterations caused the increase in tumors, since viruses harboring silent point mutations that preserved the gag coding region but inactivated the NRS showed an increase in short-latency lymphomas (63) . Significantly, these viruses also demonstrated an increase in read-through transcripts.
These studies highlight the important biological significance of a functional NRS in ALV splicing and polyadenylation control in an animal setting.
The NRS alone stimulates RSV polyadenylation in vitro
Two recent reports used an in vitro approach to investigate the mechanism by which the NRS stimulates RSV polyadenylation (75, 76) . In support of the above model, it was shown that a strong adenovirus 3' ss and to a lesser extent, the weaker src 3' ss, could stimulate use of a RSV poly(A) substrate (75). Thus, conventional coupling interactions (presumably through U2AF) can activate RSV polyadenylation in vitro. However, in contrast to what was predicted in the above model, it was shown that the NRS alone could stimulate RSV polyadenylation in vitro and neither the env or src 3' ss were required for the effect (75, 76). Furthermore, the U1 binding site, whose mutation caused increased read-through in the viral context, was also not required for NRS-stimulated polyadenylation. Using a panel of NRS mutants that eliminate binding of SR proteins, hnRNP H, U2 snRNP, and U1/U11 snRNPs, the poly(A) stimulatory activity was mapped to NRS5' where SR proteins bind, and an hnRNP H binding site present in that region was not required. These results suggested that SR proteins might promote RSV polyadenylation, and two lines of evidence supported this idea (75). First, addition of purified SR proteins to an extract that lacked these factors stimulated RSV polyadenylation, but not poly(A) addition to an SV40 substrate whose activity does not require SR proteins. Second, RSV substrates in which the SR proteinbinding region was replaced with high-affinity binding sites for three different SR proteins were also polyadenylated. These results strongly indicate that SR proteins promote RSV polyadenylation in vitro and represent the first direct evidence that SR proteins can act as polyadenylation factors ( Figure 5A ). While SR proteins can boost RSV polyadenylation in vitro, where the binding sites are close to the poly(A) site, the question remained whether SR proteins alone also stimulate RSV polyadenylation from their native location in the virus, which is ~8,500 upstream of the poly(A) site.
SR proteins, the NRS complex, and proximity to the poly(A) site in vivo
The activity of SR proteins in splicing often shows a distance constraint. For example, in mediating the activity of ESEs and in exon definition, SR proteins fail to function at distances much more than 300 nt (79, 80) . Therefore, experiments were designed to determine if SR proteins bound to the NRS also stimulate polyadenylation in the virus from the native NRS position ~8,500 nt away. In contrast to the in vitro results, the high-affinity SR protein binding sites did not promote polyadenylation when inserted in place of the NRS (75) ( Figure 5B) . Significantly, the high-affinity sites did partially rescue the read-through and splicing defects of a provirus that harbored a deletion of the SR protein-binding region, i.e., a virus in which the NRS-3' ss inhibitory complex could still form. These results again point out the importance of SR proteins in splicing control and suggested their importance in polyadenylation. However, a role for the SR proteins in promoting polyadenylation was ambiguous since it was not possible to discount the possibility that the SR proteins simply promoted assembly of the NRS-3'ss complex, and that other factors within the complex mediated conventional coupling interactions to boost polyadenylation effect. Reasoning that the SR proteins might only stimulate polyadenylation when close to the poly(A) site (as was the case for the in vitro substrates) and that the NRS-3'ss complex might serve to bring the SR proteins closer to the poly(A) site, deletion viruses were constructed in which the high-affinity SR protein binding sites were place at a position similar to that which would occur from an NRSenv 3' ss interaction. These viruses lacked the NRS and env 3'ss, so the authentic NRS complex could not form, yet now the high-affinity sites partially rescued the poly(A) defect. These data support a model in which SR proteins provide two functions: they promote U1 binding to the NRS and assembly of the NRS-3'ss complex that blocks splicing, and this complex repositions the SR proteins closer to the poly(A) site such that they promote polyadenylation ( Figure 5C ). These data also reconcile the early observations of Miller and Stoltzfus (77) that sequences within gag and surrounding the env 3' ss are both required for optimal RSV polyadenylation; the NRS must interact with the env 3' ss to reposition the SR proteins closer to the poly(A) site, and loss of either element disrupts this process. Given that the RS-domain of U2AF interacts with a similar domain in CFIm to mediate coupling (74), and the finding that several SR proteins interact with CFIm (81) , an attractive idea is that SR proteins within the NRS-3'ss complex promote polyadenylation by recruiting CFIm via RS domain interactions. The fact that only partial rescue of the poly(A) defect was observed might suggest that the activity of the SR proteins is augmented by other factors in the NRS-3'ss complex ( Figure 5C ). These ideas are currently being explored in our laboratory.
A role for hnRNP H in RSV polyadenylation control?
hnRNP H binds to G-rich elements associated with a number of cellular and viral poly(A) sites and stimulates polyadenylation (82, 83 ). There are two hnRNP H binding regions in the NRS: an upstream site that is embedded in the SR protein binding region, and a strong downstream site that is required for efficient U11 binding (see 4.3.5) . It was anticipated that hnRNP H might also promote NRS-mediated RSV polyadenylation. In contrast to a positive role in RSV polyadenylation, Wilusz and Beemon (76) showed that sequestering hnRNP H by adding a G-rich oligonucleotide to reactions increased use of the RSV poly(A) site in vitro, which led to a model whereby hnRNP H binding to the NRS (presumably the upstream site) might out compete SR protein binding. This is not supported by data from Maciolek and McNally (75) where no effect on in vitro polyadenylation was observed when the upstream hnRNP H binding site was mutated (the NRS in this poly(A) substrate lacked the downstream sites). Furthermore, there was no effect on RSV polyadenylation in vivo when either the upstream or downstream hnRNP H binding sites were mutated (39, 75). A virus with both regions mutated has yet to be tested. It is possible that the in vitro inhibition of RSV polyadenylation is an artifact of placing strong hnRNP H sites at an inappropriate position relative to the poly(A) site. Such artifacts were observed for the SV40 substrate where positioning hnRNP H binding sites upstream of the poly(A) site abolished polyadenylation (84) . Additional work is required to determine if hnRNP H plays a regulatory role in RSV polyadenylation.
CONCLUSIONS AND PERSPECTIVES
As this "Protein-RNA Interactions in Viral RNA Processing" review series demonstrates, viral systems have proven invaluable for discovering and dissecting cellular processes, including RNA processing. A very prominent example is the discovery of RNA splicing, which stemmed from work on adenovirus (85, 86) . Retroviruses have also been quite useful for studying the regulation of splicing, and the avian viruses have proved fruitful in revealing novel mechanisms by which splicing and polyadenylation are controlled and integrated. Early work by Katz and Skalka (14) using an avian sarcoma virus provided one of the first example of exonic sequences that promote splicing, and this element turned out to be one of the first splicing enhancers described. Since that time, the exon has transitioned to a focal point for the binding of positive and negative splicing regulatory factors in cellular and viral genes. Additional work on splicing control identified the NRS, and contributions from several labs have culminated in a detailed understanding of a novel mechanism of splicing control. The NRS functions as an elaborate pseudo 5' ss that, with the assistance of SR proteins, binds U1 snRNP and initiates the assembly of a non-productive splicing complex with the viral 3' splice sites. The viral 3' ss is thus sequestered from a productive interaction with the authentic viral 5' ss. The observations and conclusions of Miller and Stoltzfus (77) concerning polyadenylation control in RSV stimulated recent work that has uncovered a novel mechanism of coupling between the splicing and polyadenylation machineries that takes placed in the absence of splicing. A significant finding was that SR proteins promote NRS-mediated polyadenylation, which was the first demonstration of this activity for SR protein family members. Still, much remains to be learned about splicing and polyadenylation control in avian retroviruses.
With respect to the NRS, a number of fundamental question remain to be answered. Of prominence, why the NRS-3'ss complex is non-productive remains to be explained. What is it about the sequence of the NRS U1-type 5' ss that allows assembly of a spliceosome that is unable to undergo catalysis? What role does the structure of the NRS play in the inhibition process? What features prevent the stable incorporation of the U4/U6.U5 tri-snRNP into the NRS-3'ss complex? What roles do other sequences within the NRS that have received less attention, like the branchpoint-pyrimidine tract element that appears to bind U2 snRNP, play in splicing control? Additionally, does U11 binding simply fine-tune splicing control by modulating U1 binding, or does U11 play another unexpected role in RSV biology? With regard to polyadenylation control, do SR proteins present within the NRS-3'ss complex act alone in poly(A) stimulation, or is there cooperation with other factors within the complex. While the SR proteins appear to be repositioned closer to the poly(A) site via the NRS-3'ss complex, they are still more than 4000 nts from the poly(A) site in linear terms. How do the SR proteins promote polyadenylation over such a long distance? The details of what poly(A) factors are influenced by the NRS and SR proteins and how coupling occurs at the molecular level remain to be elucidated. Future work will also address if and how hnRNP H influences RSV polyadenylation. There is also little known about how splicing to the src 3' ss is controlled by the suppressor of src splicing (SSS) and the dr1 sequences. What factors do they bind, and how do they interface with the splicing machinery? Clearly, while we have a fairly sophisticated understanding of several aspects of RNA processing control in avian retroviruses, numerous mysteries remain to be solved. As has been true to date, gaining an understanding these remaining problems in viral RNA processing regulation will likely improve our appreciation of cellular RNA processing as well.
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